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ABSTRACT Due to low dielectric loss and low cost, glass is developed as a promising material for

advanced interposers in 2.5-D and 3-D integration. In this paper, through glass vias (TGVs) are used
to implement inductors for minimal footprint and large quality factor. Based on the proposed physical
structure, the impact of various process and design parameters on the electrical characteristics of TGV
inductors is investigated with 3-D electromagnetic simulator HFSS. It is observed that TGV inductors have
identical inductance and larger quality factor in comparison with their through silicon via counterparts.
Using TGV inductors and parallel plate capacitors, a compact 3-D band-pass filter (BPF) is designed and
analyzed. Compared with some reported BPFs, the proposed TGV-based circuit has an ultra-compact size
and excellent filtering performance.
INDEX TERMS Through

glass via inductor, integrated passive device, band-pass filter, 3-D

integration.

I. INTRODUCTION

Through silicon via (TSV) based three dimensional integration is considered to be a promising alternative beyond
Moore’s Law, in which TSVs are formed as vertical signal, power and thermal paths. Due to less area and high
integration density, TSVs are also proposed as radio frequency (RF) passive components, such as TSV inductors
and capacitors [1], [2]. However, TSVs in silicon interposers
suffer from high electrical loss and high processing cost.
To address these issues, glass is proposed as a compelling
alternative to silicon interposers.
In comparison with silicon interposers, glass provides
ultrahigh electrical resistivity, which makes TGVs own low
electrical loss. Moreover, TGVs can be fabricated using lowcost panel processes and do not need to use via liners for
electrical isolation [3]. Because of these advantages, TGVs
have been studied aggressively. Tong et al. [4] proposed
a wideband scalable circuit model for tapered through package vias in glass interposers. Cho et al. [5] experimentally
and numerically investigated the impact of copper TGVs
on the thermal performance of glass interposers. Based on
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TGV technology, Wei et al. [6] designed two compact
waveguide structures and analyzed the transmission characteristics of these structures. Using the TGV as a min radiator,
Hwangbo et al. [7] developed a directional TGV antenna for
wireless point to point communication. Hsieh et al. [8] and
Kim et al. [9] fabricated and measured through glass via RF
inductors, respectively. The impact of turn number on the
quality factor performance and inductance density was characterized in [9]. In addition to the number of turns, the
performance of 3D inductors depends on other factors, such
as via diameter, interposer height, via pitch and redistribution
line parameters. These factors are taken into consideration when optimizing the inductor performance. Moreover,
fewer researches have addressed the applications of the 3-D
inductors in RF circuit design.
This study proposes the physical structure of TGV inductor and analyzes the impact of various process and design
parameters on the inductance and quality factor of the
inductor. Using TGV inductors and parallel plate capacitors, a TGV based 3-D band pass filter is designed and
compared.

c 2018 IEEE. Translations and content mining are permitted for academic research only.
2168-6734 
Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

755

QIAN et al.: INVESTIGATING ON TGV BASED RF PASSIVES FOR 3-D INTEGRATION

II. ELECTRICAL CHARACTERIZATION

Fig. 1 shows the physical structure of TGV-based inductor, which mainly consists of three parts: the TGVs, the top
redistribution lines (RDLs) and the bottom RDLs. The basic
parameters of the inductor are listed in Table 1 and the value
of inductance L and quality factor Q can be obtained based
on Y parameters from full wave electromagnetic simulator (HFSS) [10]. In comparison with planar spiral structure,
a distinct advantage of such a TGV inductor is the minimal
footprint area and corresponding high inductance density.
Moreover, the magnetic flux of the 3-D inductor run in
parallel with the on-chip horizontal metal wires, therefore,
the patterned ground shield technique used in 2-D planar
inductor structure [11] for reducing EM interference is not
required.
L = Im (1/Y11 ) /2π f
Q = Im (1/Y11 ) /Re (1/Y11 )

(1)
(2)

TABLE 1. Basic parameters of TGV inductor for electrical characterization.

FIGURE 1. Physical structure of TGV inductor.

Based on the proposed structure, the electrical performance of the TGV-based inductor is firstly analyzed and
compared. From the results shown in Fig. 2, it is observed
that the inductance value of the TGV inductor is about 1.4nH
and the corresponding inductance density is 80nH/mm2 ,
which is comparable with its TSV counterpart and offers
a 15x improvement over equivalent lateral inductors in [12].
Moreover, due to small dielectric constant and low dielectric
tangent, the quality factor of the TGV inductor is significantly larger than that of TSV inductor on a common silicon
(silicon resistivity ρ = 100-cm) and is closed to that of
TSV inductor on a more expensive high resistivity silicon
(ρ = 1000-cm), which demonstrates the potential of TGV
inductors in RF integrated passive device applications.
756

FIGURE 2. Comparison of quality factor and inductance of TGV inductors
and TSV inductors.

The impact of various technical parameters, including
TGV diameter, interposer thickness, TGV pitch and the number of turns on the quality factor and inductance of TGV
inductors is further investigated, hoping to aid guide making
in TGV inductors design and fabrication.
Fig. 3 (a) shows the impact of TGV diameter on the quality
factor and inductance of TGV inductors. Similar to solenoid
inductors, the inductance of TGV inductors is mainly determined by external inductance Lout (Lout = μNA/P, where
μ, N, A and P are the magnetic permeability, the number of turns, cross-sectional area and TGV pitch) [13]. The
increase in TGV diameter decreases cross-sectional area of
TGV inductors and therefore inductance values. The quality
factor of inductors is defined as the ratio of the effective
reactance XL (XL = ωL, ω is angular frequency) to the
frequency-dependent AC resistance (Rac ). The increase in
TGV diameter decreases via resistance and ohmic loss; therefore, it can be seen that the quality factor increases with TGV
diameter and the slope is larger at high frequency region, in
which the eddy current loss and skin loss are significantly
reduced.
In a 3D interposer approach, TGVs are used to realize
the high density interconnections between the devices on
one side of the interposer and the devices on the other side.
The increase in interposer thickness increases TGV height
and effective cross-sectional area of TGV inductors; therefore, it can be seen that the inductance significantly increases
with interposer thickness. As illustrated in Fig. 3 (b), interposer thickness varies from 60μm to 120μm, the inductance
increases by 98.5%. Moreover, it is observed that the quality
factor of TGV inductors increases with interposer thickness.
The reason behind this is that the increase in reactance XL
is more significant than that in AC resistance Rac .
Fig. 3 (c) shows the impact of the number of turns
on the quality factor and inductance of TGV inductors.
As mentioned above, the external inductance of coils Lout
is proportional to the number of turns N; therefore, it is
observed that the inductance of TGV inductors significantly
increases with turn number, while the variation of the quality factor with turn number is very small. The results are
consistent with the measure data in [9].
For a fixed number of turns, the increase in TGV pitch
increases TGV inductor length (N×P) and decreases the
VOLUME 6, 2018
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inductance. As illustrated in Fig. 3 (d), TGV pitch varies
from 50μm to 80μm, the inductance value decreases by
56%. On the other hand, the increase in TGV pitch also
decreases the inductive coupling due to proximity effect and
AC resistance Rac . Finally, the variation of the quality factor
with TGV pitch is very small.

FIGURE 4. The proposed 2nd order coupled resonator band-pass filter.

FIGURE 3. Impact of (a) TGV diameter, (b) interposer thickness, (c) the
number of turns (d) TGV pitch, (e) RDL height and (f) RDL width on the
quality factor and inductance of TGV inductors.

The horizontal RDL is an important part of 3-D inductors.
As shown in Fig. 3 (e) and Fig. 3 (f), the impact of RDL
height and RDL width on the quality factor and inductance of
TGV inductors is investigated. Because the increase in RDL
height and width has a modest impact on the cross-sectional
area of coil inductors, it is observed that the inductance L
varies slightly as the two parameters increase. For quality
factor, the increase in RDL height and width decreases the
equivalent resistance of inductors; therefore it can be seen
that the quality factor of 3-D inductors increases as RDL
height and width increase.
III. TGV BASED BAND PASS FILTER

Using 3D TGV inductors mentioned above and parallel plate
capacitors, a compact 2nd order coupled-resonator band pass
filter for 2.4-GHz WLAN application is designed in this section. As shown in Fig. 4, the filter consists of two LC resonators
and three admittance inverters, in which the input inverters J01
and output inverter J23 are represented by L-type networks for
impedance transformation purpose and the capacitive inverter
between the resonator pairs J12 can be represented by a π -type
VOLUME 6, 2018

network as a coupling mechanism. C01 , C12 and C23 areinput
matching capacitor, coupling capacitor and output matching
capacitor, respectively. The central frequency and pass-band
can be tuned by varying the resonator components (Lr and Cr ).
To obtain a good roll-off characteristic, an additional upper
stop-band transmission zero is inserted by adding a series
inductive element (Ls ) in LC resonators.
According to filter specifications for WLAN applications,
the filter should have a central frequency of 2.45GHz with
an operational bandwidth of more than 100MHZ. The corresponding component values are then determined as follows:
the gi value that gives a pass-band ripple of 0.5dB is selected
as g0 = 1, g1 = 1.4029, g2 = 0.7071 and g3 = 1.9841 [14].
With (3)-(4) [15], the admittances of K/J inverters are then
calculated as J01 = 0.0125, J12 = 0.0111, and J23 = 0.0125.
Here ω0 = 2π f0 , f0 is the central frequency of the pass
band. FBW is the filter fractional width and characteristic
impedance Z0 = 50. The value of resonant inductor Lr is
set to be 1.2nH, which is a reasonable value for 3-D inductors implementation. For 2.45GHz resonant frequency, the
value of resonator capacitor Cr should be 3.5pF.

FBW
(3)
J01 =
ω0 Lr g0 g1 Z0
FBW
J12 =
(4)
√
ω0 Lr g1 g2
Using the closed formulas in (5), (6) and (7), the other
component values are finally given as, C01 = C23 = 1.10pF,
C’01 = C’23 = 0.63pF and C12 = 0.65pF.
J01

ω0 1 − (J01 Z0 )2
C01
=
1 + (ω0 C01 Z0 )2

C01 = C23 =

(5)



C01
= C23

(6)

C12 =

J12
ω0

(7)

Based on the above parameters, the simplified lumped circuit
model of the 2nd coupled resonator band-pass filter is proposed, as shown in Fig. 5 (a). Here Cr ’=Cr -C’01 -C’12 , which
means the negative capacitor is absorbed into the resonator
capacitor Cr . According to the decided schematic, the physical layout of the proposed filter is then derived. As illustrated
in Fig. 5 (b), the resonant inductors and series elements are
757

QIAN et al.: INVESTIGATING ON TGV BASED RF PASSIVES FOR 3-D INTEGRATION

realized by TGV inductors and grounding via holes, respectively. The shunt-to-ground and coupled capacitors are both
formed by the parallel plate structures. The resulting filter
has an overall size of 440μm×330μm×150μm.

FIGURE 6. Comparison of Scattering parameter.
TABLE 2. Performance comparison with some reported BPFs.

FIGURE 5. (a) Simplified lumped circuit model and (b) 3-D layout of the
proposed 2.45GHz band-pass filter.

Fig. 6 shows the frequency response of the proposed
3-D BPF obtained with HFSS. For comparison, the results
obtained from ideal 2th order Butterworth BPFs are given.
Herein insertion loss S21 and return loss S11 represent signal attenuation and reflection as it passes through a filter,
respectively, which are two important figures of merit for
the electrical filter. For an ideal filter, it would have zero
insertion loss in the pass-band and infinite attenuation in
the stop-band. From these results, it is seen that the proposed filter meets the specifications for WLAN applications.
The pass-band is centered at 2.45GHz with the FBW is
31.5%. The insertion loss is less than 2.4dB and the return
loss is greater than 15dB. An extra transmission zero is
found at 6.5GHz. Due to parasitic parameters in glass interposer and interconnects, a slight deviation between the above
two filters is observed. Increasing TGV diameters and RDL
cross-sectional area would be effective ways to improve
the insertion loss characteristics of the proposed filter and
decrease the deviation between these two filters. The underlying reason is that the increase in TGV diameters and
RDL cross-sectional area can significantly decrease their
equivalent resistance and corresponding loss of signal power.
758

Table 2 compares the performance of the proposed 3D
BPF with respect to some reported filtering technology. In
comparison with the filters with micro-strip line [16], [17]
and LTCC technology [15], [18], it can be found that the
proposed 3-D TGV filter has the noticeable advantages of
a more compact size. This is attributed to the fact that the
size of filters based on the transmission line structure is
usually multiples of the quarter-wavelength. Using horizontal metal wires as on chip inductors and vertical through
substrate vias as capacitors, various kinds of integrated passive devices have been proposed [19], [20] and [21]. Though
the size advantage of the proposed filter is reduced as compared with the design based on the integrated passive device
technology on a glass substrate [20], [21], the proposed filter exhibits lower fractional bandwidth and corresponding
higher frequency sensitivity because of high quality factor
of 3-D inductors.
IV. CONCLUSION

In this study, a TGV-based solenoid inductor is developed and the impact of various technical parameters on the
electrical performance of the inductor is investigated. It is
demonstrated that TGV inductors have high inductance and
quality factor, which are appropriate as RF passive components. Based on the proposed TGV inductors and parallel
plate capacitors, a coupled-resonator 2th band-pass filter is
designed. Results show that the proposed filter has a more
compact size in comparison with some reported BPFs and
exhibits excellent filtering characteristics. Such a filter can
be easily integrated into packages for miniaturized wireless
communication system applications.
VOLUME 6, 2018
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